Background. Species are subjected to variable environment in nature. While 20 the ability to cope with changes has been studied through theoretical approaches, the 21 small number of empirical studies limits our understanding of the evolutionary 22 molecular mechanisms underlying adaptation to fluctuations -Results. Whole 23 transcriptome sequencing of the fungal wheat pathogen Zymoseptria tritici revealed the evolution of gene expression after 48 weeks of experimental evolution under stable or 1 fluctuating temperature. We found that although there is a strong genetic signature of 2 gene expression, fluctuating regime could have a large and pervasive effect on the 3 transcriptome evolution. Results show a few hot spots of significantly differentially 4 expressed genes in the genome, in regions enriched with transposable elements (TE), 5 including on dispensable chromosomes. Further, our results evidenced gene evolution 6 towards robustness associated with the fluctuating regime, suggesting robustness is 7 adaptive in changing environment. Last, an analysis on gene expression correlation 8 revealed a significant set of genes that could act as trans-regulators. -Conclusions. This 9 study is the first evolve and re-sequence experiment of a fungal pathogen, with the goal 10 to describe the potential ability to evolve to changing environment and the molecular 11 changes occurring in response to fluctuating selection. In addition to explore the 12 evolutionary potential of the pathogen under temperature fluctuation this work 13 highlights the important role of transcriptional rewiring that can adjust regulation of cell 14 growth and multiplication.
MGGP01 and MGGP44. Our analysis shows that on average 61% of the genes are 23 transcribed in all samples (with 6663 common gene transcripts on the core 24 chromosomes (CCs) and 39 common gene transcripts on the accessory chromosomes found that a large number of genes were significantly differentially expressed (SDE) 1 between the two ancestral backgrounds (7022 genes with an average median fold 2 change of 1.65). We detected 5637 significant genes due to the temperature of assay 3 with an average absolute fold-change of 1.43, and 4146 genes with a significant effect of 4 the selection regime (Figure 2) . In addition, we detected 1728 SDE genes for the 5 interaction term between ancestral background and selection regime. More specifically, 6 many of those genes showed opposite direction of differential expression between the 7 two ancestral backgrounds (Additional file 4, Figure S6 ). These results indicate that 8 the expression level of a large number of genes evolved differently depending on the 9 genomic context the genes are found. As a consequence, to gain full insight in gene 10 expression changes in response to the selection regime, we considered the two ancestral 11 backgrounds separately for further analysis. 13 To investigate the effect of the selection regimes on gene expression evolution for each 14 ancestral background, we included the data from the ancestor using our DESeq2 Model 15 (3). To detect evolution of gene expression level in response to fluctuating regime, we 16 seek for genes differentially expressed from the expression level of the ancestor. This 17 analysis is based on two biological independent measurements of gene expression level. 18 On average replicates showed an average Spearman correlation of 0.95, while Cohen's 19 kappa on FPKM showed a fair agreement of 0.2. 20 Overall our results indicate that up to 32% of the genes were significantly differentially 21 expressed due to the selection regimes. The temperature of assay also affected the level 22 of expression, for up to 39% of the genes (Table 3) . The proportion of genes affected by 23 fluctuation was approximately the same in both ancestral backgrounds ( Table 3, cell cycle progression. Notably, the gene length between up-and down-regulated DEGs 1 due to fluctuation was biased toward a smaller size for down-regulated genes (Welch t-2 tests, P = 3.8  10-9 and P = 0.003, for MGGP01 and MGGP44, respectively). Second, 3 when considering all genes significant for fluctuation for the background MGGP44, 4 significant enrichment for the GO term defense mechanisms was found (9 genes, P < 5 0.001).
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Evolution of gene expression under the selection regimes
6
To fully characterize the transcriptome changes, we examined the distribution of 7 significant genes across the whole genome. First, we reported the number of significant 8 genes among CCs and ACs (Figure 5A ). For the background MGGP01 only, the 9 proportion of DEGs normalized by the total number of genes per chromosome was 10 higher on ACs than on CCs (Additional File 7, Table S3 ). Second, we surveyed the 11 density of DEGs along each chromosome using a sliding window approach (Figure 5B   12 and 5C). The distribution of significant genes under stable and fluctuating regimes was 13 not totally uniform but instead we found 8 regions where the density of significant genes 14 was higher than the nominal threshold of 0.13. Unexpectedly, these hot spots with a 15 higher density -normalized by the number of known annotated genes-of significant 16 genes where often located at the tips of chromosomes: 1, 2 and 6 and 7 for the core 17 chromosomes and 15, 17, 18 and 19 for the accessory chromosomes. To control for a 18 bias due to genomic features, we did the same approach for all significant genes for the 19 temperature effect, and detected no hot spots (data not shown). The presence of 20 significant genes on the accessory chromosomes suggests these chromosomes could be 21 involved in adaptation to abiotic environment. Notice we detected overall 40 genes 22 which expression level was turned off after experimental evolution. None of these genes 23 were located in the hot spot regions, thus excluding the hypothesis that the hot spot located in the hot spots were up regulated compared to the ancestral gene expression 1 level. We found that the hot spots of DEGs co-locate with regions of high density of TE 2 (TE annotation from Rudd et al. 2015) . This might suggest that there is a rapid turn-3 over of gene regulation in these regions, where TE transposition during mitosis could 4 have an impact on the expression level of the genes. In the search of sets of genes that would be regulated in concert, we performed a 7 WGCNA analysis. A total of 16 and 15 co-expression modules were detected, 8 respectively for MGGP01 and MGGP44 lineages (Additional File 8, Tables S4 and S5). 9 We retained some of the largest co-expression modules that included our most 10 significant genes from our model (3) (Additional File 8, Figure S10 ). Consistent with 11 DESeq2 model (3) results, this complementary clustering approach largely confirm the 12 most significant enriched categories already identified. We identified the hub gene for 13 each co-expression module. Interestingly, among the 8 selected modules, we also found 14 24 transcription factors and 39 genes involved in signal transduction with high 15 connectivity (Additional File 9, Table S6 ). However, based on 10,000 permutation 16 tests to compare the ranking positions of these genes with the ranking positions of 63 17 randomly chosen genes among the modules, the ranking position of these genes was not 18 significantly biased towards the most connected genes (Figure 6) . We next investigated 19 the relationship between the physical distance between genes within modules and their 20 level of connectivity. No large cis-or trans-regulated clusters of genes were detected in 21 our study, but rather scattered co-regulated transcripts all across chromosomes were 22 found on CCs as well as on ACs (Additional File 10, Figure S11 ). Nonetheless our 23 network analysis revealed hub genes and also transcription factors and signal transduction related genes with high connectivity within modules. Whether those genes 1 are genuine trans-regulatory factors remains to be demonstrated.
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Evolution of gene expression plasticity 3
The effect of the temperature of assay in our laboratory growth conditions -gene 4 expression was assessed at both 17°C and 23°C-was large and pervasive across the 5 genome. We next aimed at determining whether stable or fluctuating temperatures 6 during the EE affected differently the gene expression plasticity. We observed 3.8% and 7 7.8% of genes significant for Temperature-by-Regime, for MGGP01 and MGGP44, 8 respectively. We also verified that the differential expression between the two 9 temperatures of assay was not due to a change of clone frequency in our evolved 10 lineages. We could directly estimate the presence of new mutations in coding regions 11 and see whether mutations were different between transcripts at the two temperatures 12 of assay. There was no evidence for clonal interference from variants in the coding 13 regions (data not shown). As a consequence a change of transcript level between the two 14 temperatures of assay was assumed to be a plastic change. Using our contrast approach, 15 we could classify genes for gain or loss of plasticity compared to the plasticity of gene 16 expression of the ancestors. We detected a smaller number of genes that became plastic 17 after the experimental evolution for the fluctuating regime (Chi-square tests with Holm's 18 correction for multiple comparisons, all P < 2.10 -7 ) (Figure 7 A and B ; Additional File 19 11, Table S7 ). These findings suggest that in our laboratory conditions, evolving under 20 thermal fluctuations promotes robustness. Notably, the relative proportion of plastic 21 genes between the two ancestors is also significantly different (Chi-squared = 33.2, P = 22 8.10-9 ) ( Figure 7C) . The distribution of the fold-change of gene expression between the 23 two temperatures is biased for both ancestors, but in an opposite manner (with a greater number of up-regulated genes at 17°C as opposed to 23°C, for MGGP01 and 1 MGGP44, respectively). In this study we quantified the number of genes which expression level is changed due 16 to the EE. Consistent with previous studies, we found a comparable effect of genotype 17 and environment on gene expression level (Hodgins-Davis et al., 2012; Gibson, 2008) .
18
Our study based on a 'moderate' switch of temperature detects slightly more DEGs due 19 to temperature than due to genetic differences between the founder clones. We also 20 identified a comprehensive set of genes responding to in vitro growth and temperature, 21 describing genes and gene functions that can play a primary role in response to abiotic 22 changes in this fungal pathogen. Furthermore, the average cell growth at the two 23 temperatures is not significantly different between ancestors (unpublished data). This This work is the first examination the whole transcriptome evolution in response to 1 environmental changes in the filamentous fungus Z. tritici. We found widespread 2 variation of up-and down-regulated gene expression in response to temperature, but 3 the genetic basis underlying this variation remains to be explained. Our knowledge on 4 gene expression regulation in this species is little. We cannot exclude in our study that Auzeville-Tolosane (43° 53' N -1° 48' W). Single colony was isolated and grown in the 23 laboratory using Potato Dextrose Browth (PDB) medium at 17°C, 140 rpm and 70% humidity, for a few weeks prior to the experimental evolution. Strains were then 1 multiplied for storage in PDB medium containing 30% glycerol at -80°C. to test two different genetic backgrounds. Three different selection regimes were tested 5 in triplicates, for a total of 9 experiments starting from each clonal strain. We tested two 6 stable temperatures (17°C and 23°C) and a third condition with fluctuating temperature 7 between 17°C and 23°C every 52-64 hours. Large asexual populations were multiplied 8 in 500 mL of PDB at 140 rpm in a shaking incubator (Infors HT, Inc.). Every week >10 7 -9 10 9 cells were transferred into fresh medium by pipetting 20 ml of cell suspension 10 ( Figure 1A) . Large amounts of cell suspension were collected after 48 weeks, to provide 11 liquid stocks at -80°C that were used to produce the RNA samples. the same incubator for one week either at 17°C or at 23°C prior to collect the cell 18 suspensions that were snap-frozen in liquid nitrogen. Each group comprising the 10 19 samples was grown in duplicate at the two temperatures of assay in separate 20 experiments, in order to create two independent biological replicates Full list of 40 RNA-21 seq samples is described in Additional File 1, Table S1 . Prior to RNA extraction of the 22 40 samples, 50 mL of frozen cell suspension were lyophilized for 3 days (LYOVAC TM GT 23 2-E freeze dryer, Steris) and ground in liquid nitrogen to a fine powder with a mortar 24 and pestle. Lyophilized tissue was homogenized in 1 mL of Trizol reagent (Invitrogen 1 centrifuged at 12,000 g for 15 min at 4°C. Precipitation of RNA was done by transferring 2 the aqueous phase to a new tube and adding 100% isopropanol. Samples were 3 vigorously shaken and incubated at room temperature for 10 min. RNA pellet was 4 obtained after centrifugation at 12,000 g for 10 min and washed with 1 mL of 70% 5 ethanol. After centrifugation at 7,500 g for 5min, RNA was washed in 70% ethanol, air 6 dried and re-suspended in RNase-free water and stored at -80°C. Sampling quality was 7 checked using agarose gels, Qbit quantification (RNA HS assay kit, Molecular Probes Inc., Transcriptome mapping and quantification 14 We examined raw reads using FastQC (version 0.11.5, (https://www. 1, 2, 3, 4) , µ is the intercept, and ij is the random error. Significant 2 transcripts were detected by comparing the full model to its null model without the 3 genetic effect, using LRT tests. Correction for multiple testing was performed using a 4 FDR at 5% (Benjamini and Hochberg, 1995) . PClskj is the PC score of the lth genetic background (l = MGGP44, MGGP01), for the sth 22 selection regime (s = fluctuating, stable 17, stable 23), at the kth temperature of assay (k 23 = 17°C, 23°C) and the jth replicate (j = 1, 2), µ is the intercept and  is the random error.
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Evolution of gene expression and its relationship with the temperature 25
Gene co-expression network analysis 23 We search for correlation patterns of expression among genes across our samples. Only Lineage-by-temperature 414 851 
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